INTRODUCTION
The Snowball Earth hypothesis (Hoffman et al., 1998) has stimulated much research on the geochemistry of Neoproterozoic carbonates. Despite this interest, there has been little discussion of the fact that many Neoproterozoic carbonates consist of dolomite, rather than calcite. The origin of these dolomites (e.g., synsedimentary or later diagenetic) has major implications for geochemical interpretations of Precambrian seawater.
The discovery of dolomitized reef complexes in the Cryogenian Balcanoona Formation, northern Adelaide Fold Belt, South Australia, provides an opportunity to resolve this Precambrian dolomite problem. The reefs contain an array of wellpreserved marine cements. Furthermore, the reef complexes have shed material into coeval slope environments, where allochthonous debris has been covered and sealed by impermeable shales. This allochthonous material has consequently preserved early diagenetic fabrics that elsewhere are almost completely destroyed.
In this paper we examine the synsedimentary marine diagenesis of the reefs and the allochthonous material in order to constrain the origin of the dolomite. We suggest that while depositional components were originally precipitated as calcium carbonate (aragonite), widespread dolomite precipitation occurred within the synsedimentary marine environment of these reef complexes.
GEOLOGICAL SETTING
The Cryogenian Oodnaminta and Arkaroola reefs crop out south of Arkaroola, South Australia, and form part of the largely dolomitic Balca noona Formation ( ). This formation is part of the interglacial succession of the Umberatana Group in the northern Adelaide Fold Belt. The underlying Sturtian diamictites have a U-Pb zircon age of 658 Ma (Fanning and Link, 2008) . The age of the Balcanoona Formation can thus be tentatively defi ned as ca. 650 Ma.
The carbonates developed as barrier reef complexes with rigid stromatolitic and nonstromatolitic frameworks, with as much as 1 km of relief above the basin fl oor . Shoreward of the reef frameworks, the shallow-water platform sediments of the Balcanoona Formation are primarily ooid and peloid grainstones with extensive sheet cavity networks. The reefs are composed almost entirely of dolomite, and depositional textures are well preserved (e.g., Fig. DR2 ). Limestone is uncommon in the reef complexes and occurs only with intercalated shales in the slope carbonates.
Large quantities of allochthonous reef material are present in debris fl ow deposits within the basinal shales of the Tapley Hill Formation, which was deposited contemporaneously with reef growth ). These debrites can contain dolomite and limestone clasts in a completely undolomitized limestone matrix. Clasts have a range of textures that differ from those of the reefs, but typically the dolomite clasts have much better textural preservation than do the limestone clasts. Smaller allochthonous blocks (<5 m diameter) are commonly composed of dark-colored limestone with poorly preserved sedimentary fabrics. Partially dolomitized blocks are common, and often preserve a transition from limestone to dolomite over a distance of several meters. Larger blocks (>100 m diameter) are invariably composed of dolomite.
PETROLOGY AND DIAGENESIS
Depositional components of the Oodnaminta reef complex are preserved in fi nely crystalline dolomite. Scanning electron microscopy shows that this dolomite consists of sub hedral to an hedral rhombs of dark gray crystals <~8 μm in diameter. This fabric-preserving, mimetic dolomite is unlike the coarsely crystalline replacement dolomite of many Phanerozoic carbonates (e.g., Wallace, 1990) .
Ooids are common in the shallow-water platform facies of each reef and generally have well-preserved fabrics (Fig. DR2) . These spherical to subspherical ooids are usually <0.5 mm in diameter (although they may reach 1 mm). They show fi nely laminated, concentric micritic cortices that are commonly partially dissolved, occasionally preserving collapsed laminae within sparry centers. The ooids may also be completely recrystallized, with laminae replaced by fi nely crystalline dolomite spar.
A variety of pore types, including fenestrae, sheet cavities, neptunian fractures, and growth cavities, is present throughout the Oodnaminta and Arkaroola reef complexes. Neptunian dikes are widespread within the reef margin facies, and are not restricted to particular stratigraphic horizons, indicating a probable marine origin. Isopachous fi brous carbonate cements are abundant within these cavities, and form a volumetrically important component of the reefs. These cements are inclusion rich and show well-developed isopachous growth banding. Two previously undescribed fi brous dolomite cements (here defi ned as fascicular slow dolomite and radial slow dolomite, following similar terminology for calcite cements; Kendall, 1977 Kendall, , 1985 constitute the majority of the cements found in the reefs ( Fig. 1; Fig. DR3 ).
Fascicular slow dolomite (FSD) cements form isopachous crusts as much as several centimeters thick (Fig. 1A) 
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G 32119 1st pages that are defi ned by inclusion-rich and inclusionpoor areas are subparallel to the substrate. This cement is characterized by fan-shaped bundles of subcrystals that diverge away from the substrate (producing sweeping extinction with sinistral extinction brushes). Subcrystals consistently have a length-slow character and slightly inclined extinction. The c-axes of the sub crystals are thus aligned in a plane approximately parallel to the substrate. FSD has a fabric that is similar to that of fascicular optic calcite (Kendall, 1977) , but has slow vibration directions diverging away from the substrate (rather than fast). FSD cements are commonly overlain by internal sediments and broken by neptunian fractures (Fig. 1C) . Under cathodoluminescence, the cements can be nonluminescent, bright luminescent, or dull luminescent. Finely preserved luminescent growth zones are common and display very fi ne scale rhombic terminations (Fig. 1E) .
Radial slow dolomite (RSD) cements are isopachous and as much as 5 mm thick (Fig.  1B) . The cement has individual crystals that are length slow, with uniform slightly inclined extinction. Optically defined growth zones (with inclusion-rich and inclusion-poor zones) are common and display rhombic crystal terminations. RSD cements may overgrow the depositional substrate or the FSD cements. When present, the contact between the two cements is gradational; FSD subcrystals become larger and lose their sweeping extinction. RSD cements are also commonly overlain by internal sediments and crosscut by neptunian fractures. Under cathodoluminescence, RSD cements can be nonluminescent, bright luminescent, or dull luminescent. Finely preserved luminescence growth zones are common and show rhombic terminations, with rhombs confi ned to individual crystals (Fig. 1F) .
In addition, a rare rhombic cement with uniform dull luminescence is present. This cement consists of euhedral rhombs (~200 μm diameter) that are found syntaxially overgrowing the isopachous cements or forming granular masses (Fig. 1D) . Rhombic cements are also overlain by internal sediments and broken by neptunian fractures.
These cement types occur throughout the reef complexes with no obvious preference for any particular reef facies. In addition, FSD and RSD cements occur in large (>100 m) dolomite allochthonous blocks, but are not found in limestone blocks. FSD and RSD cements consist of well-ordered and approximately stoichiometric dolomite (X-ray diffraction and microprobe results; Fig. DR4 and Table DR1 ). The cements have a relatively narrow range of δ O values (-2.6‰ to -10.7‰) ( Fig. 2 ; Table  DR2 ). There is no statistically signifi cant difference in the isotopic composition among the fi brous cement types. However, the fi brous dolomite cements have slightly lighter δ 13 C values than equivalent depositional components analyzed by . Limestone blocks have a slightly heavier carbon isotopic composition (mean 7.4‰) and markedly lighter oxygen isotopic compositions (mean -13.0‰) than equivalent dolomite blocks. The fi brous dolomite cements have signifi cant levels of iron and manganese (200-8000 ppm and 200-800 ppm, respectively [microprobe and laser ablation-inductively coupled plasma-mass spectrometry]; Fig. DR5 and Table DR3) . Strontium values range from 20 to 80 ppm in the fi brous dolomite cements and dolomitized depositional constituents (Fig. DR5) .
DISCUSSION
Although the Oodnaminta and Arkaroola reef complexes consist almost entirely of dolomite, the existence of allochthonous limestone blocks in slope facies suggests an originally calcareous mineralogy (aragonite or calcite). The shales surrounding these allochthonous blocks appear to have protected the limestones from dolomitizing fl uids. Within the reefs, the occurrence of ooids that lack a radial fabric but preserve abundant dissolution and recrystallization textures is suggestive of an originally aragonitic composition (e.g., Singh, 1987) . In undolomitized allochthonous blocks, there is also evidence of dissolution and recrystallization, again consistent with an aragonitic precursor.
Allochthonous material in the slope facies of the reef complexes consists of a mixture of dolomite and limestone clasts. In debris fl ows, it is common for completely dolomitized clasts to be surrounded by an undolomitized matrix and adjacent to undolomitized clasts. These observations imply either an extremely selective form of G 32119 1st pages dolomitization that postdates debrite deposition, or, more likely, that both dolomite and limestone clasts were incorporated into the debrites. This latter hypothesis suggests that dolomitization must have occurred continuously during synsedimentary diagenesis (so that dolomite clasts could be continually incorporated).
Where dolomitization has occurred in allochthonous blocks, depositional components are well preserved in fi nely crystalline dolomite and show little evidence of recrystallization. This suggests that dolomitization occurred before the conversion of aragonite to calcite. Early dolomitization of aragonite also explains the much lighter oxygen isotopic composition for depositional constituents in limestone allochthonous blocks, relative to dolomite blocks. If the limestone blocks originally consisted of aragonite, and were not subject to early dolomitization, then the aragonite would convert to calcite during later diagenesis (at higher temperatures or in meteoric water), producing lighter oxygen isotopic compositions.
The fi brous dolomite cements that occur within the reefs are overlain by internal sediments and crosscut by neptunian dikes (which are fi lled with RFC cements and internal sediment; Fig. 1C ), consistent with a synsedimentary marine origin. Based on knowledge of Phanerozoic reef diagenesis (e.g., James and Choquette, 1983) , these fi brous dolomite cements might be interpreted as calcium carbonate marine cements that have been mimetically dolomitized. However, there are major problems with this interpretation.
First, the fi brous cements have fi nely preserved cathodoluminescence growth zones. The delicate cathodoluminescence and chemical zonation in these cements indicate that they are a product of primary cement growth. Zonation patterns are consistently controlled by the crystal form of each cement type, reveal crystal growth away from the substrate, and do not extend beyond crystal boundaries. If these fi brous marine cements had been precipitated as aragonite or calcite, their original cathodoluminescence zonation would have been destroyed upon replacement by mimetic dolomite.
Second, the fi brous dolomite cements (FSD and RSD) invariably have a length-slow character, in contrast to Phanerozoic radiaxial and fascicular-optic calcite cements (which are generally length fast; Kendall, 1977 Kendall, , 1985 . Dickson (1993) noted that carbonate minerals with equant or obtuse rhombic crystal form (as is invariably the case with dolomite) will produce length-slow fi brous cementation fabrics. If dolomite had syntaxially replaced original calcium carbonate, the dolomite would have a lengthfast character. The consistently length-slow optical character of the reef cements is therefore not consistent with dolomitized calcite cements.
Third, rare marine rhombic cements directly demonstrate a rhombic crystal form, consistent with a primary dolomite mineralogy. These observations indicate that the newly described marine cements originally precipitated as dolomite. These fibrous dolomite cements provide strong evidence for marine dolomite precipitation within these Neoproterozoic reef complexes. The complete absence of any evidence for evaporite precipitation in the reef complexes rules out the possibility that the entire basin was restricted during this period .
Evidence from the allochthonous reefal material is also consistent with a synsedimentary origin for dolomite precipitation. The largest limestone blocks in the slope are <5 m in diameter, suggesting that dolomitization was mostly complete within a few meters of the seafl oor. This implies that while aragonite formed directly at the sediment-water interface, dolomite precipitation began almost immediately, starting within a few centimeters of the seafl oor. It is likely that at any one time during deposition, there was a thin skin (possibly a few meters thick) of largely aragonitic carbonate, underneath which the reefs were progressively dolomitized by marine fl uids (Fig. 3) . Fibrous dolomite cements and dolomitization probably occurred simultaneously. The thickness of the fi brous cement crusts suggests that dolomite continued to precipitate to considerable depths within the reefs.
Similar early diagenetic mimetic dolomites in Precambrian carbonates from elsewhere have been suggested to be the result of mixing zone diagenesis (e.g., Tucker, 1983) . The reluctance to advocate marine dolomitization for Precambrian dolomites appears to be partly due to a reaction against Tucker's (1982) suggestion of Precambrian primary marine dolomite. In addition, a number of kinetic factors were thought to strongly inhibit dolomite precipitation in seawater (Sibley et al., 1987) ; however, the role of microbial processes such as methanogenesis and sulfate reduction in dolomite precipitation have been investigated (e.g., Burns et al., 2000; Vasconcelos and McKenzie, 1997) , and there is now ample evidence that dolomite precipitation occurs in a variety of modern environments, including normal-salinity marine settings (Teal et al., 2000) .
The discovery of widespread marine dolomite precipitation in these Precambrian reef complexes explains much about Precambrian dolomites, but raises several important issues. The peculiar abundance of mimetic dolomite in these reefs, as well as in other Precambrian carbonates, is readily explained by early marine dolomitization (Sibley, 1991) . This may suggest a temporal control over marine dolomite precipitation, presumably related to secular changes in seawater chemistry. Burns et al. (2000) proposed that lower oceanic oxygen levels might provide a key control on marine dolomite precipitation by fostering microbial reactions like methanogenesis and sulfate reduction. This suggestion is compatible with recent evidence for low-oxygen or stratifi ed Neoproterozoic oceans (Canfi eld, 1998; . Stable isotope data from the dolomites in this study tend to have slightly lighter carbon isotopic compositions than equivalent limestones. This could indicate that some component of organic carbon is involved in the dolomitization process, perhaps from microbial processes. Furthermore, the presence of high iron and manganese concentrations in the marine fi brous cements (and strong cathodoluminescence zonation) suggests low Eh conditions, consistent with Burns et al. (2000) . Elevated oceanic Mg/Ca and/or alkalinity during the Cryogenian may also have been factors that promoted marine dolomite precipitation. These factors have been linked to an increased continental weathering fl ux following the Sturtian glaciation (Le Hir et al., 2008) . 
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Dolomite precipitation may also be related to low sulfate levels in Neoproterozoic seas (Baker and Kastner, 1981; see, however, Sánchez-Román et al., 2009) , consistent with Cryogenian ocean euxinia. If abundant marine dolomite is correlated with low-oxygen oceans, this discovery may also have implications for Precambrian ocean oxygenation.
Regardless of the exact chemical controls on dolomitization in these Cryogenian reef complexes, it is probable that marine dolomite precipitation was widespread during this time interval . The term "aragonite-dolomite seas" may be appropriate to describe the peculiar oceanic conditions that seem to have been present during this period. The term encompasses the observation that aragonite was the dominant precipitate at deposition and thereafter, dolomite precipitation dominated the marine diagenetic realm.
Widespread marine dolomite precipitation has important implications for the interpretation of Cryogenian carbonates, particularly postglacial cap dolomites. While the origin of dolomite precipitation in cap carbonates is seldom discussed, some have suggested a microbially mediated model for their formation (e.g., Font et al., 2010) . This model would be consistent with the synsedimentary marine dolomitization that we describe here.
CONCLUSIONS
The Cryogenian Oodnaminta and Arkaroola reef complexes consist almost entirely of fi nely crystalline mimetic dolomite. However, preserved ooid textures and recrystallization fabrics indicate an aragonitic precursor mineralogy. Allochthonous material in the slope facies of the reefs preserves clasts of limestone and dolomite, indicating an early marine origin for dolomitization. Within the reefs, there is strong evidence that abundant fi brous marine cements were originally precipitated as dolomite. Both the character of the fi brous marine cements and data from allochthonous material imply that there was widespread marine dolomite precipitation occurring within a few meters of the seafl oor in these reefs. Tucker (1982) suggested that Precambrian dolomites may have been precipitated as dolomite at deposition. This radical suggestion was controversial at the time (e.g., Zenger and Ricketts , 1982) and dolomite researchers have since conservatively assumed that Precambrian dolomite must be similar in origin to Phanerozoic dolomites. While our observations contradict Tucker's (1982) suggestion of primary depositional dolomite, our conclusions resurrect his notion that Precambrian dolomites differ from Phanerozoic dolomites. We suggest that the enormous abundance of mimetic dolomite in many Precambrian marine facies is probably the result of widespread synsedimentary marine dolomitization of the type we describe here. We further predict that the new forms of fi brous marine dolomite cement described here (FSD and RSD) will be found in many Precambrian carbonate facies.
